The performance of a constructed wetland (CW) and wastewater stabilisation pond (WSP) system for sewage reclamation and paddy rice irrigation in a decentralised rural area was examined using a feasibility study. The CW was satisfactory for sewage treatment, with good removal efficiency even in the winter period, but the effluent concentration was relatively high in the winter period owing to the high influent concentration. The CW effluent was further treated in a WSP and the WSP effluent was considered safe for crop irrigation with respect to sewage-borne pathogens. Reclaimed water irrigation did not adversely affect the yield of rice; on the contrary, it resulted in an approximately 50% greater yield than in controls. The chemical characteristics of the soil did not change significantly during the experimental period of irrigation with reclaimed water. In the winter, CW effluent could be stored and treated in a WSP until the spring; the water could then be discharged or reused for supplemental irrigation during the typical Korean spring drought. Overall, sewage treatment and agronomic reuse using a CW-WSP system could be a practical integrated sewage management measure for protecting receiving water bodies and overcoming water shortages in decentralised rural areas.
Introduction
Increases in population density and economic development in Korea have resulted in increased demands for water and competition among the water demands of agricultural, residential and industrial uses. Several regions in Korea suffer water stress; while the average precipitation in Korea is 1,310 mm/year, it is not evenly distributed spatially or temporally. Furthermore, available freshwater is not always suitable for its intended use because of water quality problems associated with increased pollutant discharges. Increased sewage discharge associated with the growing human population threatens the water quality of receiving water bodies and rural areas often experience water quality problems. Because of water shortages and poor water quality of receiving water bodies, decentralised wastewater management is of great importance in developing long-term strategies for the management of rural environments. Decentralised wastewater management involves the collection, treatment, disposal and reuse of wastewater from individual homes, clusters of homes and isolated communities at or near the point of generation (Crites and Tchobanoglous, 1998) . Centralised wastewater treatment plants are not feasible in rural areas of Korea because of scattered housing patterns and geographical constraints. Small low-technology wastewater treatment plants are preferred in rural areas and one of the practical alternatives under review is constructed wetlands (CW) in combination with wastewater stabilisation ponds (WSP).
Paddy rice culture irrigation is responsible for more than 50% of the total water consumption in Korea. Therefore, irrigation of paddy rice fields could be a practical candidate for treated sewage reuse in terms of both quantity and quality of water. Agronomic reuse of reclaimed water has been practised for centuries in many parts of the world. The use of reclaimed water for irrigation can provide a vital resource to enhance agricultural productivity and reduce water pollution problems in receiving water bodies. However, reclaimed water differs from regular irrigation water in many aspects. It contains organic and inorganic components that may affect plant growth, different levels of macronutrients that should be taken into consideration as plant nutrients, trace elements that may be present in excessive levels and residual pathogenic microorganisms that can cause public health problems (Metcalf and Eddy, 2003) . Therefore, the feasibility of irrigation with reclaimed water should be evaluated based on several factors, including toxic chemicals, microorganisms, salinity, and nutrients. The effects of reclaimed water irrigation on rice culture and soil characteristics in experimental plots should be examined. In this study, we examined the feasibility of using a CW-WSP system as a sewage reclamation system for agricultural reuse of water in a decentralised rural area.
Materials and methods

Constructed wetland (CW)
An experimental CW was installed and has been working continuously since 1997 on the campus of Konkuk University in Seoul, Korea. The mean annual rainfall and temperature from 1975-2004 were 1,344 mm and 12.2 8C, respectively. Precipitation primarily occurs during the four summer months, June, July, August and September. The average ambient air temperature in the winter period (December to February) for the last 30 years was 2 0.2 8C and it occasionally dropped below 210 8C. The treatment basin (8 m long, 2 m wide, 1 m deep) was filled with sand, and planted with common reed (Phragmites australis Cav.). The walls and bottom of the basin were made of concrete, and the bottom slope was 1% towards the outlet (Figure 1 ). The void ratio and specific gravity of the sand used to fill the basin were 0.36 and 2.64, respectively. The hydraulic loading rate and hydraulic residence time of the system were 6.3 cm/day and 3.5 days, respectively. The CW system operated in a continuous flow without artificial thermal insulation. The sewage used in the experiment originated from a school building, with toilets being the main source of pollutant discharge. A septic tank had been designed to collect the sewage and discharge it to the public sewer system after pretreatment. The tank had three compartments and the wastewater in the last compartment was pumped into the storage tank and then allowed to flow into the CW system. The average water quality of the sewage was pH 7.91, 18.80 8C, 0.40 mg/L dissolved oxygen (DO), 121.96 mg/L biological oxygen demand over a 5-day period (BOD 5 ), 68.95 mg/L total suspended solids (TSS), 13.36 mg/L total phosphorus (T-P) and 121.23 mg/L total nitrogen (T-N).
Wastewater stabilisation pond (WSP)
To investigate the feasibility of using a WSP for further polishing of CW effluent, two experimental WSPs were created from concrete along with the CW (Figure 1 ). Each pond measured 2.0 m long, 2.0 m wide and 2.0 m deep. The pond bottoms were 1.5 m below the ground surface to minimise temperature effects on the WSP water column, and the bottom 0.5 m was filled with sand. The influent was introduced up to the 1.9 m level from the bottom of the WSP (water column 1.4 m and sand 0.5 m). During phase 1 (December-April), the WSP was operated with intermittent discharge; it was filled with CW effluent in winter for further polishing and was discharged in the spring. During phase-2 (May -November), the WSP was operated with continuous flow; the CW effluent was introduced into the WSP and the hydraulic loading rate and hydraulic retention time were 12.5 cm/day and 11 days, respectively. The WSP effluent was used as irrigation water for the paddy rice culture experiment.
Paddy rice culture with reclaimed water irrigation Paddy rice was grown on plots located next to the WSP and each plot was 1.0 m long, 1.0 m wide and 1.0 m deep, with a surface area of about 1 m 2 . Illpumbyeo (a Korean rice cultivar) was planted at a rate of one plant per hill and 22 hills per plot on 25 May. Three treatment plots and one control plot were replicated three times, for a total of 12 plots. The three treatments were (1) irrigation with WSP effluent and no fertilisation (WENF); (2) irrigation with WSP effluent and half of the conventional fertilisation (WEHF); and (3) irrigation with WSP effluent and conventional fertilisation (WECF). The control plots (CONTROL) were irrigated with potable water, and conventional fertilisation was applied. A conventional fertilisation rate of 110-70 -80 kg/ha N-P 2 O 5 -K 2 O and other standard cultivation practices of the local district were followed. The 1-m 2 plots were irrigated with a total volume of 430 L of water, in addition to 1,200 L of natural precipitation (first year 1,401 L, second year 980 L), to maintain the water level between 5 and 10 cm for the entire crop season. The paddy rice was harvested on 20 October and the yield was measured. Water quality of the irrigation water was analysed using Standard Methods for the Examination of Water and Wastewater (1998) and soil samples were analysed using the Methods of Soil Analysis (1982) .
Results and discussion
CW performance
The CW worked stably in winter without freezing even at temperatures below 210 8C, and waste removal was still significant. The effluent DO was greater than the influent DO and was generally above 2.0 mg/L, even without auxiliary aeration. Reduction of BOD 5 and TSS was apparent in the CW system over the entire study period. Although the effluent BOD 5 level was higher ( p , 0.05) in winter (December-February) than in the growing season (March-November), there was no difference ( p . 0.05) in mass retention of BOD 5 between winter and the growing season (Table 1) . The high effluent TSS concentrations in winter may be attributed to relatively higher loading rather than to lower removal efficiency related to temperature dependence. T-P removal was relatively poor compared to BOD 5 and TSS, but better than T-N removal. The influent T-P concentrations were in the same range for both winter and the growing season, but the effluent concentration in the growing season was lower than in winter ( p , 0.05). The removal of T-N was poor, and the removal efficiency of T-N in winter was even lower than in the growing season because the nitrogen removal processes (ammonification, nitrification and denitrification) were temperature-dependent in the CW system (Kadlec and Knight, 1996) . The low T-N removal efficiency in this study may have been related to the high influent concentration (over 100 mg/L) and the limited hydraulic residence time (3.5 days) of the experimental CW system. Overall, the CW system produced satisfactory effluent concentrations and performed stably in the growing season. The average removal rates of constituents in winter were lower than in the growing season, but winter removal performance was still significant. Generally, the CW system was considered to be adequate for decentralised sewage treatment. However, winter performance was a cause for concern and measures for subsequent management of CW effluent should be considered further.
Further polishing by WSP for crop irrigation CW effluent was further polished using a WSP for crop irrigation in the irrigation season (May -October). There was no difference ( p . 0.05) in BOD 5 and TSS between CW effluent and WSP effluent because BOD 5 and TSS concentrations in the CW effluent were low. The average BOD 5 and TSS levels in the WSP effluent were 10.8 mg/L and 9.9 mg/L, respectively, and were within an acceptable range. The average T-P and T-N removal rate by WSP was approximately 28 and 25%, respectively (Table 2 ). In the same period, the T-P and T-N removal rate by the CW was 23 and 31% and the total T-P and T-N removal rate of the combined treatment system (CW þ WSP) was about 46 and 51%, respectively. Fecal coliform (FC) concentrations in CW or WSP effluent are commonly reduced by at least one log unit, but levels below 500 MPN/100 mL are difficult to achieve consistently (Tanner and Sukias, 2003) . Although the average FC removal rate was substantial in the CW, the average concentration remained high, at about 7,900 MPN/100 mL (Table 2) . After passage through the WSP, however, FC concentrations dropped another order of magnitude (about 96%), averaging 430 MPN/100 mL. Although irrigation has been practised throughout the world for several millennia, only in the past century has the importance of the quality of irrigation water been recognised. The feasibility of irrigation with reclaimed water was evaluated based on several factors, including microorganism concentrations, salinity and nutrient levels.
In rural areas, toxic chemicals normally occur in low concentrations in reclaimed water and may not cause great health risks. There has been considerable emphasis on the control of microbiological health risks, especially regarding municipal wastewater. Based on the World Health Organisation (WHO) microbiological guidelines for treated wastewater (WHO, 1989 (WHO, , 2000 , paddy rice culture irrigation practices may belong to category B2, i.e. flood irrigation with restricted application to non-edible crops and exposure to adult workers only. FC counts should be less than 1,000 MPN/ 100 mL under these conditions. As indicated in Table 2 , the FC levels of CW effluent were still too high for reuse as irrigation water. FC levels were further reduced to less than 500 MPN/100 mL on average, showing over 95% removal, in the subsequent WSP treatment, and these levels meet the WHO recommended guidelines (WHO, 1989 (WHO, , 2000 . Excess salinity results in salt accumulation in the crop root zone and poor crop yields. The average salinity of WSP effluent was 1.18 dS/m. Based on the Food and Agriculture Organisation (FAO) irrigation water quality guidelines (FAO, 1985) , the degree of use restriction for this WSP effluent was slight to moderate (0.7-3.0 dS/m). The nutrients in reclaimed water can provide fertiliser value for crop production. The most beneficial nutrient, often present in high concentrations in reclaimed municipal water, is nitrogen. However, excessive nitrogen may be detrimental to many crops, causing excessive vegetative growth, delayed or uneven maturity, or reduced crop quality. The average T-N concentration of WSP effluent was 53 mg/L. More than 30 mg/L is considered excessive, even for crops tolerant of excess nitrogen (FAO, 1985) . Problems caused by excessive salinity and nitrogen are unlikely to occur in this case, however, because the reclaimed irrigation water may be blended with about 900 mm of precipitation water, a volume about two or three times greater than that of the irrigation water during the irrigation season (May-October). To reuse WSP effluent as crop irrigation water, blending WSP effluent with other irrigation water keeps salinity under control (, 0.7 dS/m), and its supplemental use is recommended. The CW and WSP systems were determined to be an effective and feasible alternative for sewage reclamation in decentralised rural areas, considering their stable performance, effectiveness in the removal of indicator bacteria, as well as adequate levels of other water quality parameters, low maintenance and cost-effectiveness. The average rice yield in the WECF treatment, which received reclaimed water irrigation and conventional fertilisation, was about 50% greater than that of the CONTROL (Table 3) , indicating that reclaimed water irrigation can increase paddy rice yields. The yield in plots with reduced fertilisation (WEHF) was also significantly higher than that of the CONTROL, and the yield in plots without fertilisation (WENF) was within the same range as that of the CONTROL (Table 3 ). This implies that nutrients in the reclaimed water helped to increase the yield, and made up for part of the conventional fertilisation deficit. The amount of nutrients applied by fertilisation and reclaimed water irrigation may partly explain the difference in crop yield. The average crop yield for the experimental period approximately matched the quantity of nutrient input. As long as the constituent concentrations are not extremely high, reclaimed water irrigation of paddy rice cultures may not be harmful and may even enhance crop yields.
Soil characteristics
The soil characteristics of the experimental plots were analysed to examine the effects of reclaimed water irrigation (Figure 2) . The results are expressed as averages of three replicate samples per plot, taken from the root zone after clearing the surface organic layer (the upper 3-20 cm of soil). As paddy culture continued, the soil pH values slightly increased in reclaimed water irrigation plots (WENF, WEHF, and WECF). Vazquea-Montiel et al. (1996) reported significant increases in soil pH as a result of wastewater application. Where conditions for nitrification are adequate, plants take up mainly nitrate, even when ammonium fertilisers are applied (Mengel and Kirkby, 1987) and when plants take up nitrate ions the growth medium becomes more alkaline (Vazquea-Montiel et al., 1996) . In this study, more nitrate may have been absorbed in the reclaimed water irrigation plots than in the CONTROL plots owing to the high nitrogen input, and this may partially explain the increase in soil pH. Electrical conductivity (EC) increased after the first year of the experiment compared to the initial conditions, but it decreased after the second year ( Figure 2) . Continuous irrigation with reclaimed water could cause salt accumulation in the soil, but this was not observed in our study. The possibility of salt accumulation may be lower in paddy rice fields than in uplands because of different irrigation water management practices. Water depth was maintained at 5-10 cm during the irrigation season in the paddy rice culture and all of the water in paddy rice fields is usually drained before the harvest. As paddy culture continued, the soil SAR values slightly increased in reclaimed water irrigation plots, but the values were not high enough to cause serious physical soil problems. When the SAR rises above 12 -15, permeability and aeration problems arise and plants have difficulty absorbing water (Munshower, 1994) . Monitoring of soil structural stability and/or permeability should be carried out periodically to detect deterioration that may adversely affect continued reclaimed water irrigation or future land use. The cation exchange capacity (CEC) increased in all plots, including the CONTROL, as rice culture continued during the study period. There was no difference in CEC between the CONTROL and other treatments ( Figure 2 ). Total phosphorus (T-P) and total nitrogen (T-N) concentrations remained fairly constant during the study period. The soil nutrient concentrations may be little affected by reclaimed water, as long as the water is adequately treated.
Sewage management in decentralised rural areas CW-WSP systems can be properly used for the production of microbiologically safe reclaimed water for crop irrigation in decentralised rural areas. During the irrigation season, the sewage can first be treated in a CW, and its effluent discharged into a WSP designed to achieve the required water quality. CWs can function as the primary and secondary treatment and WSPs as the reclamation system. Irrigation with reclaimed water can not only provide a vital resource for enhancing agricultural productivity, but it can also help increase crop yields, decrease chemical fertiliser use, enhance water quality in receiving water bodies via zero discharge, and allow a greater allocation of freshwater supplies to urban use (Asano and Levine, 1998) . However, CW effluent can only be used for crop irrigation during the irrigation season. At other times of the year, CW effluent must be discharged into receiving water bodies. Relatively poor quality CW effluent may occur during winter (Table 1) and this CW effluent would require further treatment to prevent water quality degradation of the receiving water bodies. WSPs could be used as intermittent discharge ponds during the winter period to solve this problem. The CW effluent could be stored and treated in WSPs during the winter, and then discharged to the receiving water bodies in the spring. In a previous study (Ham et al., 2004) , 3 months of storage in an intermittent discharge pond provided substantial water quality improvement. WSP water could be discharged to receiving water bodies in April, and used for crop irrigation during the drought period (April and May) in Korea. After WSP discharge in the spring, the WSP could be operated in a continuous flow regime to remove pathogens and nutrients, as described above, and to provide water for crop irrigation. The CW-WSP system can work as a novel year-round method for sewage treatment and agronomic reuse in decentralised rural areas. The CW-WSP system can be located in decentralised rural areas and become a part of the rural ecosystem. Therefore, the ultimate disposal of sewage for agricultural purposes and subsequent land treatment may also be available.
Conclusions
A CW was demonstrated to be highly effective at treating sewage in decentralised rural areas during the growing season, but its effluent was not clean enough for discharge to receiving water bodies. The CW effluent was reclaimed for crop irrigation using a WSP during the growing season. After reclamation with a WSP, the level of FC (, 500 MPN/100 mL) met WHO guidelines (1,000 MPN/100 mL) for unrestricted irrigation. Therefore, WSP effluent may be used for crop irrigation without much concern for infection by sewage-borne pathogens. Salt and nitrogen concentrations were high in WSP reclaimed water, but were not a limiting factor in this study. Supplemental use of reclaimed water combined with existing sources of irrigation water is recommended, rather than irrigation using only a single water source. Irrigation of reclaimed water on to paddy rice cultures did not adversely affect the yield of rice. On the contrary, experimental rice plots treated with reclaimed water demonstrated about a 50% greater yield on average than control plots. The chemical characteristics of irrigated soil did not vary during the experimental period. Overall, the CW-WSP was found to be an effective sewage reclamation system for decentralised rural areas, and reclaimed water could be reused as a supplemental source of irrigation water for paddy rice culture with little concern for adverse effects. Sewage treatment and agronomic reuse via CW-WSP systems could be practical integrated sewage management measures in decentralised rural areas for protecting the water quality of receiving water bodies and solving water shortages.
